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Abstract— In this paper, we investigated different methods 
for blind Doppler shift estimation and compensation for a 
single carrier in underwater acoustic wireless sensor networks. 
We analyzed the data collected from our experiments using 
non-data aided (blind) techniques such as Power Spectrum 
Analysis, Autocorrelation, and Squaring Time Phase Recovery 
methods in order to estimate the Doppler shift in collaborative 
distributed underwater sensor networks. Detailed 
experimental and simulated results based on second order 
cyclostationary features of the received signals are presented. 
Keywords: Blind Doppler Shift Estimation, Underwater 
Communication, Autocorrelation, Power Spectral Density 
(PSD), Periodogram.  

I. INTRODUCTION 

      Doppler shift estimation and detection for target 
localization and tracking in underwater wireless 
communication (UWC) has been a major topic of research 
and investigation due to the increasing use of aquatic 
channels [2], [4], [12], and [15]. The need for Doppler shift 
estimation in UWC exists mostly for real time remote 
control monitoring of oceanic activities: environmental 
monitoring, scientific data collection, tracking, and locating 
objects.  
      There are several primary obstacles for reliable 
communication in underwater environment, including time-
varying multipath, fading, low sound speed and noise. The 
sound speed underwater is about 1500 m/s. The low sound 
speed and relative high platform speed result in Doppler 
shifts several times those encountered in radio transmission 
[14]. The ratio of platform speed to sound propagation speed 
is large enough to cause time compression or expansion of 
the symbol pulse itself [4], [13]. The motion-induced pulse 
compression or expansion makes symbol synchronization of 
equal importance to carrier frequency identification, thus 
becoming a major constraint of mobile UWC. Current UWC 
methods are mostly used for low Doppler environment [4]. 

      Due to complexities of the underwater channel, such as 
multi-path propagation, time variations, small available 
bandwidth and strong signal attenuation, (especially over 
long ranges) various factors of a communication system 
such as data rate, symbol synchronization, carrier phase 

recovery and the speed of propagation are compromised [3].   
As a consequence, at the digital receiver end, different 
levels of synchronization: carrier recovery, frame 
synchronization, symbol and data bit timing recovery are 
strongly affected [9], [10] and [14]. Therefore, continuous 
time communications between rapidly moving platforms is 
the driver for new robust methods for blind synchronization 
(non-data aided) techniques able to track large and variable 
Doppler shifts. 
      In order to estimate and compensate for the Doppler 
shift, different coherent and blind methods have been 
implemented for pseudorandom sequence estimation. The 
most popular can be categorized as eigenanalysis based on 
subspace methods, and exploiting the spectral characteristics 
in cyclostationarity signals. In [2], [4] it has been proven 
that the spectral characteristics of cyclostationarity signals is 
computationally less complex and more robust for 
pseudorandom (PN) sequence estimation then subspace 
methods. Therefore, we have chosen the experimental 
approach to estimate the Doppler shift using blind spectral 
estimation methods for data modulated by PN sequences. 
      In [11], spectral correlation based signal detection has 
been proposed. The spectral correlation theory in [11] is 
used to calculate spectral correlation function and it could 
be used for Doppler shift estimation. However, in this 
method, the received baseband signal is no longer 
orthogonal to the transmitted m-sequences. As a result, in 
the frequency domain, it is very hard to read the 
instantaneous Doppler shift due to fading.  
      In [6] the concept of passive signal detection is carried 
forward to active signal detection using a Dopplergram and 
an ambiguity function has been used to determine Doppler 
shift for m-sequence modulation. However, in both [6] and 
[11], only one method of modulation (m-sequence 
modulation technique) has been used. In addition, in [4], the 
spectral correlation function is modified to the spectrum 
coherence function to estimate carrier frequency and symbol 
rate estimation. It was assumed that in underwater 
communication, channel characteristics vary quickly and the 
signal parameters vary quickly as well.  
      In this paper, we conducted experiments for underwater 
acoustic wireless communication using a pair of SAM-1 
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sensors provided by Desert Star Systems. We used universal 
asynchronous receiver transmitter protocol for serial data 
communication. MATLAB software was used to send data 
via the serial port for transmission and acquire data from a 
sensor into a personal computer (PC). We analyzed the data 
collected from our experiments using non-data aided 
techniques such as Power Spectrum analysis, 
Autocorrelation and Squaring Time Phase Recovery (Oerder 
& Meyr) [1] methods in order to estimate Doppler shift in  
collaborative distributed underwater sensor networks. In our 
study, the sensors were half-duplex, and therefore could 
only transmit or receive at a given time.  
      We improved the MATLAB code for serial data 
communication for acoustic sensors (SAM-1) provided by 
Desert Star Systems. We transmitted original and modulated 
52 m-sequences each of length 1023 bits, via sensors in an 
acoustic prototype environment and at the receiver end we 
analyzed the received signal using spectral analysis and the 
Oerder and Meyr method. The size of the baseband 
transmitted covariance matrix is 106392x106392. The 
received signal correlation matrix is 1x106392 for the 
original m-sequences.  
      The rest of the paper is organized as follows: In Section 
II we describe the theoretical background, Section III 
presents the experimental model, Section IV contains our 
simulated and experimental results. Conclusion and 
acknowledgements are drawn in section V.  

II. THEORETICAL BACKGROUND 
1) Doppler Effect 

     Generally, change in the frequency of an emitted wave 
caused by the motion of an emitted source relative to 
observer or vice versa is defined as Doppler shift or effect. 
For a communication system, the received signal at the 
receiver end can be characterized as: 
 
ሻݐሺݎ          ൌ Ըሼσ ݀ାஶୀିஶ ݃ሺݐ െ ݊ܶሻ ݁ଶగ௧ሽ  ݊ሺݐሻ      (1)   
  
where, Ը represents real part of signal, ݊ሺݐሻ is the AWGN 
with zero mean circular complex white Gaussian process 
statistically independent signal, ݂ is the carrier frequency, 
݀ is the transmitted data symbol in the time interval 
݊ܶ  ݐ  ሺ݊  ͳሻܶ, T is data symbol duration and, ݃ሺݐሻ is 
the convolution product of impulse response of pulse 
shaping filter ݃ா(t), channel impulse response ݄ሺݐሻ, and 
receiver filter impulse response ݃ோ ሺݐሻ [12]. 
      In wide band cases, due to the Doppler effect, signal 
carrier frequency suffers frequency scaling ݂ሺͳ െ  ௗሻ andߜ
the received baseband signal undergoes time scaling 
ሺͳݐ െ  ௗሻ, so the received signal at the receiver input isߜ
given in [2] and [16] as:  
 
ሻݐሺݎ ൌ 

Ը൛σ ݀ାஶୀିஶ ݃ሺݐሺͳ െ ௗሻߜ െ ݊ܶሻ݁ଶగሺଵିఋሻ௧ൟ  ݊ሺݐሻ 
            (2) 

 

where ߜௗ is the relative Doppler shift. This relation is valid 
for both wireless communication systems and UWC 
systems. But, the Doppler shift in underwater 
communication is very high. For underwater communication 
with multipath and fading, the received signal can be given 
as: 
 
ǡݐሺݎ ௗሻߜ ൌ Ը൛σ σ ሺͳݐሻ݁ఏሺ௧ሻ݀݃ሾݐሺܣ െ ௗሻߜ െାஶୀିஶ

ିଵ
ୀ

െ݊ܶሿ݁ଶగሾାοሿ௧ሺଵିఋሻሽ  ݊ሺݐሻ     
                                                                                            (3) 
where  ܣሺݐሻ is the fading gain of  ݈௧ path,  ܮ is the number 
of multipath component, and ሻݐሺߠ is the phase offset due to 
the channel on ݈௧ path. 
      Different coherent techniques have been used to 
estimate Doppler shift but the proposed algorithms used to 
find cyclic frequency offset are more susceptible to ISI 
(Inter Symbol Interference). Thus, non-coherent techniques 
are preferred to find cyclic frequency offset and Doppler 
compensation [7], [8], [16] and [17]. 
 

2)  Spectral Analysis  
     Most random processes encountered in nature arise from 
some periodic phenomena. The random processes generated 
from such periodic phenomena produces data that are not 
periodic functions of time, but their statistical properties 
varies with time. These kinds of random processes are 
modeled as wide-sense cyclostationarity random processes 
and its features can be used in signal detection and 
estimation. Therefore random processes in this paper are 
considered to be cyclostationary.    
       Cyclostationary analysis is based on the fact that 
communications signals are not accurately described as 
stationary, but rather more appropriately modeled as 
cyclostationary. While stationary signals have statistics that 
remain constant in time, the statistics of cyclostationary 
signals vary periodically. These periodicities occur for 
signals of interest in well-defined manners due to underlying 
periodicities such as sampling, modulating, multiplexing, 
and coding. 
      A process, say  ሻ, is said to be wide senseݐሺݔ
cyclostationary if it’s mean (ܧሼݔሺݐሻሽ) and autocorrelation 
function (ܴ௫ሺݐǡ ߬ሻ) are periodic with the same period T: 
 
ݐሺݔሼܧ                                   ܶሻሽ ൌ    ሻሽ                     (4)ݐሺݔሼܧ
 
                                  ܴ௫ሺݐ  ܶǡ ߬ሻ ൌ ܴ௫ሺݐǡ ߬ሻ        (5) 
 
In [7], the Fourier series expansion of this periodic 
autocorrelation function converges. As in [14], (5) can be 
expressed as: 

ܴ௫ሺݐǡ ߬ሻ ൌ σ ܴ௫

ሺ߬ሻ݁ଶగ ቀ


ቁ௧ାஶୀିஶ              (6) 

       

where  ் ൌ ;is called the cyclic frequency ߙ ܴ௫

ሺ߬ሻ is the 

cyclic autocorrelation function at cyclic frequency Į and is 
given as follows: 










